Nanoparticles engineered for biomedical applications are meant to be in contact with protein-rich physiological fluids. These proteins are usually adsorbed onto the nanoparticle's surface, forming a swaddling layer that has been described as a 'protein corona', the nature of which is expected to influence not only the physicochemical properties of the particles but also the internalization into a given cell type. We have investigated the process of protein adsorption onto different magnetic nanoparticles (MNPs) when immersed in cell culture medium, and how these changes affect the cellular uptake. The role of the MNPs surface charge has been assessed by synthesizing two colloids with the same hydrodynamic size and opposite surface charge: magnetite (Fe 3 O 4 ) cores of 25-30 nm were in situ functionalized with (a) positive polyethyleneimine (PEI-MNPs) and (b) negative poly(acrylic acid) (PAA-MNPs). After few minutes of incubation in cell culture medium the wrapping of the MNPs by protein adsorption resulted in a 5-fold increase of the hydrodynamic size. After 24 h of incubation large MNP-protein aggregates with hydrodynamic sizes of ≈1500 nm (PAA-MNPs) and ≈3000 nm (PEI-MNPs) were observed, each one containing an estimated number of magnetic cores between 450 and 1000. These results are consistent with the formation of large proteinMNPs aggregate units having a 'plum pudding' structure of MNPs embedded into a protein network that results in a negative surface charge, irrespective of the MNP-core charge. In spite of the similar negative ζ-potential for both MNPs within cell culture, we demonstrated that PEI-MNPs are incorporated in much larger amounts than the PAA-MNPs units. Quantitative analysis showed that SH-SY5Y cells can incorporate 100% of the added PEI-MNPs up to ≈100 pg/cell, whereas for PAA-MNPs the uptake was less than 50%. The final cellular distribution showed also notable differences regarding partial attachment to the cell membrane. These results highlight the need to characterize the final properties of MNPs after protein adsorption in biological media, and demonstrate the impact of these properties on the internalization mechanisms in neural cells.
INTRODUCTION
Immediately after magnetic nanoparticles (MNPs) enter a biological fluid, proteins and other biomolecules start binding onto the MNPs surface, leading to the formation of a dynamic 'protein corona' that critically defines the biological identity of the particle. [1] The biophysical properties of such a particle-protein complex often differ significantly from those of the as formulated particle, affecting the biological responses as well as the final distribution of the MNPs at the intracellular space.
Knowing how physiological medium modifies the final properties of MNPs is therefore decisive for the success of specific applications. Moreover, the lack of knowledge about the new properties can result in unwanted biological side effects. The ability of MNPs to adsorb proteins is expected to depend on the physicochemical characteristics of their surface coating through its affinity for adsorption of ions, proteins and natural organic materials. [2] The proteins adsorbed onto MNP's surface may influence transport across membranes, bringing them into biological entities which they would not normally reach [3, 4] , and therefore previous knowledge and quantification of protein-nanoparticle interaction is required for an efficient design of nanoparticles to target cells in vitro. A few theoretical approaches to the dynamics of protein adsorption onto MNPs have rendered some interesting results about the nature of this process, [5] but the simplifying assumptions required for these models to be computationally amenable (e.g. rigid protein structures, single layer formation, etc.) have so far limited the output when compared to the complexities involved in real experiments. [6] The interactions of MNPs with cells and tissues are an important factor when considering any potential translation into biomedical applications that require high specificity together with a rapid internalization of the MNPs into the target cells. There is consensus on the fact that surface properties of most MNPs are essential to ensure colloidal stability and that they play a role determining the kind of MNP-cell interactions. [7] But it has only recently been acknowledged that the proteins existent in biological environments can drastically modify the surface of MNPs, therefore deterring the intended therapeutic action. [8] The surface charge of MNPs is expected to influence the uptake pathway as well as their effective performance. [2] Indeed, it has been demonstrated that, the overall uptake of cerium nanoparticles by human fibroblasts and their respective pathway of internalization depend indirectly on the particle surface charge through the agglomeration resulting of that charge. [9] A series of methodical experiments performed by Safi et al. [10] have demonstrated that small γ-Fe 2 O 3 MNPs can be both adsorbed on the cellular membranes and internalized into human lymphoblastoid cells. These authors tested two types of MNPs coated with citrate ions and poly(acrylic acid) as ligands, but no results on positively-charged MNPs were reported. Due to the 'average' negative charges on the cell surface, MNPs with a positive surface potential are expected to interact in a nonspecific way with binding sites, thus enhancing the efficiency of internalization. [11] [12] [13] [14] However, the cell membrane also presents specific binding sites with cationic receptors that allow interaction with anionic MNPs, in a process described as an "adsorptive endocytosis" pathway. [15] This is in agreement with the well-known uptake of negatively charged MNPs reported by many groups [16, 17] [18] [19] .
The above results show that in spite of the large amount of studies on cell uptake of different MNPs and cell types, there is a lack of systematic studies on how surface charge affects the formation of protein corona, and the impact of these changes on cellular uptake. The aim of this work was to perform such a comparative study on the protein adhesion when both positively-and negatively-charged MNPs of similar average size are immersed in protein-rich biological medium. To that end, we performed in situ coating of Fe 3 O 4 MNPs with polyethyleneimine (PEI-MNPs) and poly(acrylic acid)-(PAA-MNPs) by a modified oxidative hydrolysis method, followed by a detailed characterization of their physicochemical properties in the as prepared colloid. The changes of their physical state after incubation in biological medium have been analyzed, as well as these changes on the cellular uptake. Synthesis of PEI-and PAA-MNPs. The synthesis protocol used for all samples was based on a modified oxidative hydrolysis method, i.e., the precipitation of an iron salt (FeSO 4 ) in basic media (NaOH) with a mild oxidant. In a typical synthesis, a mixture of 1.364 g of KNO 3 and 0.486 g of NaOH was dissolved in 135 ml of distilled water in a three-necked flask bubbled with N 2 . Then 15 ml of 0.01 M H 2 SO 4 solution containing 0.308 g of FeSO 4 ·7H 2 O and 0.30 g of polyethyleneimine PEI (25kDa) (previously flowed with N 2 for 2 h) was added dropwise under constant stirring. When the precipitation was completed, nitrogen was allowed to pass for another 5 min and the suspension with the black precipitate was held at 90ºC for 24 h under N 2 . Afterward, the solution was cooled at room temperature with an ice bath, and the solid was separated by magnetic decantation and washed several times with distilled water. For the synthesis of PAA-MNPs, the protocol was the same as described for PEI-MNPs but adding 0. The cells were allowed to adhere for 1 day at 37 °C and 5% of CO 2 . Then the growth medium was removed and replaced with the medium containing PEI-MNPs. After incubation the cells were washed twice with 2 ml phosphate-buffered saline (PBS), then trypsinized and centrifuged. The precipitate was recovered with 80 µl of PBS and then it was deposited into polycarbonate capsules. The precipitate was lyophilized overnight into the polycarbonate capsule. The magnetic measurements were carried out using a VSM Magnetometer (Lake Shore). Hysteresis loops at room temperature were obtained in applied fields up to 2 T.
Materials and Methods

Materials
To corroborate the values of magnetic material obtained from magnetic measurements parallel experiments were performed with UV-VIS spectrometry, using the same complexation 
Results and Discussion
Synthesis and characterization of PEI-MNPs and PAA-MNPs.
The magnetic nanoparticles used in this study were synthesized by a modified procedure based on the work of Sugimoto and Matijevic. [22] it is expected that different polymer structures would lead to different particle shape. Accordingly, the PEI-MNPs samples exhibited an octahedral morphology while spherical morphology was observed for PAA-MNPs.
The histograms plotted for both samples were obtained after counting a number > 500 of particles. In both cases the histograms could be fitted with a Gaussian distribution, that yielded very similar particle size distributions centered at <d> = 25 nm (σ=5) and
Figure 1. HRTEM images of a) PEI-MNPs and b) PAA-MNPs showing the morphology and overall distribution of particle size. Right panels show the histogram and the fitting Gaussian curves used to extract the average magnetic core size and standard deviation, of c) PEI-MNPs and d) PAA-MNPs samples. The last column displays the hydrodynamic size distributions of the as prepared colloids in aqueous liquid carrier, measured from dynamic light scattering measurements. The data correspond to a number-weighted distribution.
The dynamic light scattering data obtained in number-weighted distributions (last column of Figure 1 ), showed that in the as prepared water based colloids the degree of agglomeration is higher for PAA-coated MNPs, with average hydrodynamic sizes of 73±20 nm and 155±25 nm for PEI-MNPs and PAA-MNPs, respectively. These values indicate that in aqueous suspension the dispersed units are composed of about 3 to 9 individual particles for PEI-MNPs, whereas for PAA-MNPs this number is larger (∼15 to 30 particles). Notably, similar hydrodynamic size values but related to much smaller magnetic cores (6-12 nm) have been reported for PAA-coated magnetic particles, [23] suggesting that it is the polymer that determines the size of the suspended entities. The presence of both PEI-and PAA coating polymers was confirmed by FTIR Thermogravimetric analysis (TGA) performed on the as prepared samples of PEI-MNPs and PAA-MNPs colloids showed two regions of maximum rate of mass loss located at 230 and 575 ºC for PEI-MNPs, and at ≈315 and 600 ºC for PAA-MNPs, see Figure 2 , yielding a total weight loss of 16% and 17% for PEI-and PAA-MNPs, respectively.
We used a simple model to estimate whether the weight loss of the particles is consistent with a picture of a compact agglomeration of single particles or a less number of MNPs embedded in a polymer matrix. We assumed a single particle of magnetic core of radius R 1 nm and a polymer surface layer of thickness t nm, so that the total radius of the particle should be (R 1 +t) nm. Analysis of the HRTEM images 
: The effect of protein adsorption on the MNPs surface is to enlarge the effective hydrodynamic diameter. Dynamic light scattering measurements showed an increase of size for longer incubation times in biological medium (DMEM+15% FBS). Both PEI-MNPs and PAA-MNPs samples showed the same monotonous increasing profile, with signs of saturation observed at the longest incubation times (24 h).
Immediately after being dispersed in the culture medium, the hydrodynamic diameter increased from 73±25 nm to ≈900 nm for PEI-MNPs and from 155±44 nm to 
Figure 5: Sketched evolution of the particle agglomeration process for the MNPs when in their as prepared suspension in water (middle column) and when in contact with protein rich medium such as DMEM+FBS (right column).
As expected, the large amounts of adsorbed proteins ruled the average surface charge during incubation. The ζ-potential evolution of PEI-MNPs and PAA-MNPs ( Figure 6 ) after incubation in DMEM supplemented with FBS showed marked differences. For PEI-MNPs, the value decayed from a positive in water (+30 mV ) [22] to negative (-7, -12 mV) in DMEM. In the case of PAA-MNPs the value changes from the as prepared value (-25mV) in water to a less negative value of -11 mV. In order to study the strength of the interaction between the nanoparticles and the proteins, they were incubated in DMEM followed by vigorous washing to remove the unbound proteins. After the washing, it was found that ζ-potential value of PAA The above results show the effect of the surface chemistry on protein adsorption.
As expected, PEI-MNPs having positive zeta potential were found to adsorb more proteins while PAA-MNPs with negative zeta potential showed less protein adsorption. The ζ−potential studies on the DMEM containing FBS indicated mean value of −10 mV ( Figure 6 ). This explains the higher adsorption of the proteins onto the positive PEI-MNPs due to electrostatic interactions. Previous works from Nienhaus et al. [32] have clearly demonstrated the effect of different protein types on the nature of the resulting protein corona in terms of structure, thickness and stability.
When compared to the present work, where the variety of proteins present in the culture medium resulted in a non-specific adsorption process, it is clear that a more complex final state should be expected for the MNPs under actual physiological environments.
MNP uptake by SH-SY5Y cells: effects of the protein adsorption
The in vitro experiments were carried out on human neuroblastoma cell line (SH- It is important to mention that a vigorous washing process was performed three times before measurement of MNPs contents was done. Therefore the data of Figure 7 refers to those MNPs either incorporated or strongly attached to the cell membrane (the actual situation will be discussed below). In all concentrations tested, a linear relationship between the total amounts of added and incorporated MNPs was found for both MNPs. At t = 15 h (i.e., less than the doubling time t D = 16.6 h) the rate of uptake as a function of concentration could be fitted with a straight line with slopes 0.54(9) and 0.27(2) for PEI-and PAA-MNPs, respectively. These values imply that at t = 15 h the cells were able to incorporate only a 54% (PEI-MNPs) and 27% (PAAMNPs) of the particles available. On the other hand, at t = 72 h (that is, t = 1.67 t 2 ) the increase was also linear, but the slopes 1.03 (7) for PEI-MNPs indicated that after replication the new cells were able to incorporate the 100% of the MNPs added, whereas for the PAA-MNPs the slope was 0.58 (2) , meaning that only 58% of the MNPs could be incorporated. EDX spectra performed on SHSY5Y cells cross-sectioned by FIB/SEM confirmed the particle localization also in the growth cone of the cells (Figure 10 ). 
Conclusions
The results reported here illustrated the transformations experimented by colloidal nanoparticles when in contact with biological media, and how they influence the uptake ability of a specific cell line. Using two samples with very similar average size, size distribution and magnetic properties, but opposite charge at the surface, we were able disentangle the influence of surface charge on the formation of the protein-MNPs agglomerates in protein-rich cell culture media. Under in-vitro conditions the time evolution of these protein-MNPs clusters shown by ζ-potential, TGA and dynamic light scattering measurements was found to depend on the free functional groups available at the polymer surface, being bigger for the positively-charged PEI-MNPs.
Our results clearly indicate that controlling the non-specific adsorption of proteins to MNPs can be tailored through proper functionalization of their surface
The dynamics of MNPs internalization into SH-SY5Y neuroblastoma cell line was found to depend on the incubation time, with a maximum at 8-10 h of incubation.
Although both, PEI and PAA-MNPs could enter the cells, we observed that the mass of internalized/attached PEI-MNPs was much larger than for the PAA-MNPs. While PEI-MNPs were found both strongly attached to the cell membrane and internalized in the form of large clusters, PAA-MNPs were poorly internalized and found to be located almost exclusively into membrane-bound endocytic compartments. The large clusters (up to 700 nm) of PEI-MNPs observed onto the cell membrane remained attached even after vigorous washing the cells several times, indicating a remarkable strength of the binding interaction. We hypothesize that opposite surface charge of PEI-and PAA-MNPs result in adsorption of different proteins that in turn determine different cell internalization pathways. Although the generalization of the above results to other physiological media and to different cell types is yet to be proven, it is clear that a detailed characterization of the MNPs-protein complex must be done to understand the nature of MNPs-cell interactions.
